IMPORTANCE Patients with atrial fibrillation (AF) who use a direct oral anticoagulant (DOAC) and request elective surgery or procedure present a common clinical situation yet perioperative management is uncertain. OBJECTIVE To investigate the safety of a standardized perioperative DOAC management strategy. DESIGN, SETTING, AND PARTICIPANTS The Perioperative Anticoagulation Use for Surgery Evaluation (PAUSE) cohort study conducted at 23 clinical centers in Canada, the United States, and Europe enrolled and screened patients from August 1, 2014, through July 31, 2018. Participants (n = 3007) had AF; were 18 years of age or older; were long-term users of apixaban, dabigatran etexilate, or rivaroxaban; were scheduled for an elective surgery or procedure; and could adhere to the DOAC therapy interruption protocol. INTERVENTIONS A simple standardized perioperative DOAC therapy interruption and resumption strategy based on DOAC pharmacokinetic properties, procedure-associated bleeding risk, and creatinine clearance levels. The DOAC regimens were omitted for 1 day before a low-bleeding-risk procedure and 2 days before a high-bleeding-risk procedure. The DOAC regimens were resumed 1 day after a low-bleeding-risk procedure and 2 to 3 days after a high-bleeding-risk procedure. Follow-up of patients occurred for 30 days after the operation.
T he perioperative management of patients who receive a direct oral anticoagulant (DOAC) for atrial fibrillation (AF) and require elective surgery or procedure is a common clinical scenario for which best practices are uncertain. 1 Each year, 1 in 6 patients with AF, or an estimated 6 million patients worldwide, will require perioperative anticoagulant management. 2, 3 When DOAC regimens became available for clinical use in AF, starting in 2010, no studies had been conducted to inform the timing of perioperative DOAC therapy interruption and resumption, whether heparin bridging should be given, and whether preoperative coagulation function testing was needed. 4 Uncertainty about the perioperative management of DOACs may be associated with unsubstantiated practices and increased harm to patients. Thus, a DOAC therapy interruption interval that is too long may increase the risk for thromboembolism, whereas an interruption interval that is too short may increase the risk for bleeding which, in turn, delays anticoagulant resumption. 5 Perioperative heparin bridging has been used in DOAC-treated patients, 6 but this practice does not make pharmacologic sense given the short, 8-to 14-hour DOAC elimination half-lives, 4 its association with increased bleeding, and its questionable efficacy. 6, 7 Preoperative coagulation testing has been suggested to identify patients with an excessive residual anticoagulant level in whom a procedure can be delayed or the DOAC reversed, 8 but this suggestion is problematic because DOAC-specific coagulation tests are not widely available, reference ranges are lacking, and such testing may not be advantageous for patients. 9 Most clinical studies investigating perioperative DOAC regimen management are retrospective subanalyses of randomized clinical trials that assessed DOAC regimens for stroke prevention in AF or are patient registries. 3, [10] [11] [12] [13] One study that assessed standardized perioperative management included only patients who were taking dabigatran etexilate. 14 The perioperative management of DOAC regimens varies widely in clinical practice, 15 and practice guidelines provide weak and inconsistent management recommendations. [16] [17] [18] [19] [20] We designed the Perioperative Anticoagulation Use for Surgery Evaluation (PAUSE) study to assess the safety of a standardized perioperative management strategy for a DOAC regimen. We hypothesized that a simple management approach, which is based on DOAC-specific interruption and resumption intervals, forgoes perioperative heparin bridging, and does not require preoperative coagulation function testing, is safe to use for patient care. For each DOAC cohort that received DOAC-specific perioperative management, we defined safety as excluding 30-day perioperative rates of major bleeding of 2% and arterial thromboembolism of 1.5%, according to expected outcome rates (1% for major bleeding and 0.5% for arterial thromboembolism) observed with optimal perioperative management of warfarin sodium 3, 21 and with a proof-ofconcept prospective study of standardized perioperative dabigatran management. 14 We also postulated that this management would yield a high proportion of patients (>90%) with an undetectable or minimal residual anticoagulant level at the time of the procedure.
Methods

Study Design and Oversight
The PAUSE study design and data analysis plan were developed by the steering committee and are described elsewhere. 22 The study was managed by the McMaster Centre for Transfusion Research, which was responsible for the study organization as well as data collection, validation, maintenance, and analysis. Study data were collected and managed using REDCap electronic data capture tools. 23 The institutional review board of each of the 23 participating clinical center in Canada, the United States, and Europe approved PAUSE, and all study participants provided written informed consent.
PAUSE is a prospective management study involving DOAC-treated patients with AF who required anticoagulant therapy interruption for elective surgery or procedure. Patients were separated into 3 cohorts on the basis of DOAC used (apixaban, dabigatran, or rivaroxaban) and received standardized perioperative management according to the DOAC. A randomized clinical trial design was considered to assess the proposed (experimental) management but was not adopted because no alternative strategy existed that would be suitable as a comparator (control) management. For example, a management approach that omits DOAC regimens for a longer (4-to 6-day) preoperative period, as suggested in other studies, 16 would not make clinical sense as a comparator given the short DOAC elimination halflives; moreover, the longer period without anticoagulation might expose patients to an increased thromboembolic risk. Similarly, adopting unspecified usual care as a comparator would also be unsuitable, as the usual care may be too heterogeneous to allow a meaningful comparison to the standardized, more uniform management used in this study. 15 A cohort design is appropriate for assessing a management strategy when expected rates of clinical outcomes are low (0.5%-1% in PAUSE) and when there is sufficient statistical power to exclude clinically important higher outcome rates (1.5%-2% in PAUSE). 23, 24 who were long-term users of apixaban (5 mg or 2.5 mg twice daily), dabigatran etexilate (150 mg or 110 mg twice daily), or rivaroxaban (20 mg or 15 mg daily); were scheduled to have an elective surgery or procedure that required interruption of the anticoagulant regimen; and were able to adhere to the DOAC therapy interruption protocol at the time of enrollment. Patients were excluded if they fit 1 or more of the following criteria: creatinine clearance (CrCl) level less than 25 ml/min for apixaban users or CrCl level less than 30 ml/min for dabigatran or rivaroxaban users (to convert CrCl level to milliliters per second per meter squared, multiply by 0.0167), 25 cognitive impairment or psychiatric illness, did not consent to participate, previous study participation, or more than 1 procedure planned within 30 days. Before the procedure, patients were categorized as having a high-or low-bleeding-risk procedure according to a prespecified classification (eAppendix 1 in the Supplement) 7 ; this classification informed the timing of DOAC therapy interruption and resumption. 22 Our aim was that at least one-third of patients enrolled into each DOAC cohort would be classified as high bleeding risk.
Procedures
The perioperative management strategy for a DOAC regimen was designed with 2 broad aims: (1) to have the shortest duration of DOAC therapy interruption before and after the procedure so as to minimize the risks for bleeding and thromboembolism, and (2) to have a simple interruption and resumption protocol for each DOAC that would be easy to use by clinicians and easily understood by patients.
Patients were enrolled and managed using a standardized perioperative DOAC strategy based on DOAC pharmacokinetic properties (10-to 14-hour half-lives, and 1-to 3-hour peak action), the procedure-associated bleeding risk, and patient CrCl level (Figure) . 22 Before the procedure, DOAC regimens were omitted for 1 day before a low-bleeding-risk pro-cedure (36-to 42-hour interval corresponding to approximately 3 DOAC half-lives) and were omitted 2 days before a high-bleeding-risk procedure (60-to 68-hour interval corresponding to approximately 5 DOAC half-lives). Patients using dabigatran with a CrCl level less than 50 mL/min had longer interruption intervals to account for renal dependence of dabigatran clearance. 1 Blood samples were taken from patients just before the procedure to measure their residual anticoagulant level, but these results were not available for clinical use. Plasma samples were frozen and stored at each clinical site and later analyzed in a centralized laboratory using standardized blood processing and assay methods (eAppendix 2 in the Supplement). After the operation, DOAC regimens were resumed 1 day (approximately 24 hours) after a low-bleedingrisk procedure and 2 to 3 days (48-72 hours) after a highbleeding-risk procedure, provided that hemostasis was achieved. Patient thromboembolic risk, based on the CHADS 2 (congestive heart failure, hypertension, aged 75 years or older, diabetes, and previous stroke or transient ischemic attack) risk score, did not affect perioperative DOAC regimen management because this risk score is used in a perioperative setting to assess the need for heparin bridging, which was not performed in the present study. 26, 27 Patients at high risk for venous thromboembolism could receive a prophylactic dose of heparin after the operation until DOAC therapy resumption.
Clinical Outcomes and Residual Anticoagulant Level
Study clinical outcomes were assessed from the time the first DOAC dose was interrupted until 30 days after the operation. Patients had scheduled weekly telephone follow-up and additional clinic visits as needed to document clinical outcomes. The primary clinical outcomes were major bleeding and arterial thromboembolism (ischemic stroke, transient ischemic attack, and systemic embolism). The secondary clinical outcomes were clinically relevant nonmajor bleeding, minor 
Rivaroxaban
No DOAC was taken on certain days (shaded) and on the day of the elective surgery or procedure. The light blue arrows refer to an exception to the basic management, a subgroup of patients taking dabigatran with a creatinine clearance (CrCl) less than 50 ng/mL. The orange arrows refer to patients having a high-bleed-risk surgical procedure. Dark blue arrows refer to patients having a low-bleed-risk surgical procedure. The thickened orange part of arrows refer to flexibility in the timing of DOAC resumption after a procedure. a Cancer diagnosed within 3 months or has been treated within 6 months or metastatic.
bleeding, death, myocardial infarction, deep vein thrombosis, pulmonary embolism, and catheter-associated venous or arterial thrombosis. Study outcomes were defined according to standardized criteria (eAppendix 3 in the Supplement) 28,29 and were independently adjudicated by a committee that was blinded to the DOAC cohort, procedure bleeding risk, and preoperative DOAC treatment levels. The residual anticoagulant level just before the procedure was measured by DOAC-specific anti-factor Xa assays for apixaban and rivaroxaban as well as by the dilute thrombin time for dabigatran. 30 The residual anticoagulant level was also measured with nonspecific coagulation tests: prothrombin time, international normalized ratio, activated partial thromboplastin time, and thrombin time. 31
Study Hypothesis and Sample Size Determination
We hypothesized that, for each DOAC cohort, the PAUSE management would be associated with a 1% rate of major bleeding (with the upper limit of the 1-sided 95% CI to exclude a 2% rate) and a 0.5% rate of arterial thromboembolism (with the upper limit of the 1-sided 95% CI to exclude a 1.5% rate). Thus, the null hypothesis was that the proposed protocol was unsafe; that is, the proportion of the major bleeding (or arterial thromboembolism) was 2% or higher (or ≥1.5%); an alternative hypothesis was that the protocol was safe; that is, the proportion was lower than 2% (or <1.5%). A 1-sided P < .05 was considered statistically significant, and a statistically significant result would mean that, with the 1-sided 95% CI, the true incidence of major bleeding was lower than 2% and arterial thromboembolism was lower than 1.5% for each DOAC cohort, rejecting the null hypothesis.
When PAUSE was designed in 2013, we were more confident about estimates, based on findings from available studies, 3,21,32 of perioperative rates of major bleeding than arterial thromboembolism. Therefore, major bleeding was the primary determinant of sample size, and the sample size calculation was based on an expected rate of 1%. The required sample size was 987 patients per DOAC cohort, which provided 80% power at the .05 significance level (1-sided) to detect a proportion that was lower than 2% for major bleeding. With this sample size, there was also 80% power at the 5% significance level (1-sided) to detect a proportion that was lower than 1.5% for arterial thromboembolism, based on an expected rate of 0.5%.
The number of patients per DOAC cohort was increased by 10% (to 1097) to anticipate cancelled operations and patients lost to follow-up. We also postulated that the DOAC therapy interruption protocol would yield more than 90% of patients with a preoperative residual anticoagulant level less than 50 ng/mL, which was considered empirically as a level that would allow a procedure to proceed safely.
Statistical Analysis
For the primary clinical outcomes, a 1-sided test for 1 proportion with continuity correction was used to determine within each DOAC cohort at the patient level if the proportion of major bleeding was lower than 2% and if the proportion of arterial thromboembolism was lower than 1.5%. 33 The primary analysis was conducted in the main study population of patients who had at least 1 DOAC dose interrupted. For each primary outcome within each DOAC cohort, we reported the proportion and associated 1-sided 95% CI as well as the P value from the 1-sided test for 1 proportion to check that the outcome rate was lower than the expected rate of 2% for major bleeding and 1.5% for arterial thromboembolism. For the secondary clinical outcomes, we assessed rates of mortality and other adverse events for patients within each DOAC cohort. We reported the proportions with 2-sided 95% CIs of the secondary outcomes for each cohort.
For the preoperative residual anticoagulant level outcome, we identified the proportion of patients with an antifactor Xa level (for apixaban or rivaroxaban) or dilute thrombin time (for dabigatran) of less than 50 ng/mL (30-49.9 ng/mL and <30 ng/mL) or 50 ng/mL or greater; this calculation was done separately for patients with a low-bleeding risk and patients with a high-bleeding-risk procedure because the bleeding risk determined the DOAC therapy interruption interval, which would affect the residual anticoagulant level. We also identified the median (interquartile range [IQR]) prothrombin time, international normalized ratio, activated partial thromboplastin time, and thrombin time as well as the proportion of patients with an elevated prothrombin time, international normalized ratio, activated partial thromboplastin time, and thrombin time.
Because the analyses of secondary clinical outcomes and coagulation test outcomes were descriptive, no statistical hypothesis testing was considered. In this analysis, we assessed rates of major bleeding in patients according to procedureassociated bleeding risk as perioperative management differed between patients considered at high and low risk for bleeding. We also assessed rates of primary outcomes in a population of patients within each cohort who adhered to the DOAC therapy interruption and resumption protocols.
Results
Patients
We screened 3640 patients from August 1, 2014, through July 31, 2018, from 23 clinical sites in Canada, the United States, and Europe (eAppendix 4 in the Supplement). Of these patients, 3007 (82.6%) were enrolled and were included in the primary analysis: 1257 (41.8%) in the apixaban cohort, 668 (22.2%) in the dabigatran cohort, and 1082 (36.0%) in the rivaroxaban cohort (eFigure in the Supplement). The baseline characteristics of the patients in each DOAC cohort are shown in Table 1 . Overall, patients had a mean (SD) age of 72.5 (9.39) years and were predominantly male (1988 [66.1%]). The types of procedures that patients underwent in each DOAC cohort are shown in eAppendix 5 in the Supplement. Table 2 shows the DOAC therapy interruption intervals for the apixaban, dabigatran (≥50 mL/min and <50 mL/min subgroups), and rivaroxaban cohorts as well as the DOAC therapy resumption intervals for the apixaban, dabigatran, and riva-roxaban cohorts. Of the 3007 patients in the primary analysis cohort (≥1 dose interrupted), 159 (5.3%) deviated from the DOAC therapy interruption protocol, 202 (6.7%) deviated from the DOAC therapy resumption protocol, and 22 (0.7%) were lost to follow-up, leaving 2624 patients (87.3%) to be included in the per protocol analysis.
Perioperative Anticoagulant Management
Study Outcomes
In the primary analysis cohort (Table 3) , the 30-day postoperative rate of major bleeding was 1.35% (95% CI, 0%-2.00%) in the apixaban cohort, 0.90% (95% CI, 0%-1.73%) in the dabigatran cohort, and 1.85% (95% CI, 0%-2.65%) in the rivaroxaban cohort. The rate of arterial thromboembolism was 0.16% (95% CI, 0%-0.48%) in the apixaban cohort, 0.60% (95% CI, 0%-1.33%) in the dabigatran cohort, and 0.37% (95% CI, 0%-0.82%) in the rivaroxaban cohort. All 43 major bleeding events occurred postoperatively at a median (IQR) of 2 (0-6) days; 9 of 10 arterial thromboembolic events occurred postoperatively at a median (IQR) of 2 (0-6) days. Rates of major bleeding according to procedure-associated bleeding risk are shown in Table 4 ; in the high-bleed-risk subgroups, the rate of major bleeding was 2.96% (95% CI, 0%-4.68%) in the apixaban cohort, 0.88 (95% CI, 0%-2.62%) in the dabigatran cohort, and 2.95% (95% CI, 0%-4.76%) in the rivaroxaban cohort.
In the secondary analysis of patients who adhered to the DOAC therapy interruption and resumption protocols, the 30-day postoperative rate of major bleeding was 1.2% (95% CI, 0%-1.89%) in the apixaban cohort, 1.0% (95% CI, 0%-1.93%) in the dabigatran cohort, and 1.69% (95% CI, 0%-2.53%) in the rivaroxaban cohort. The rate of arterial thromboembolism was 0.19% (95% CI, 0%-0.56%) in the apixaban cohort, 0.50% (95% CI, 0%-1.25%) in the dabigatran cohort, and 0.42% (95% CI, 0%-0.94%) in the rivaroxaban cohort (eAppendix 6 in the Supplement). Results according to clinical site are shown in eAppendix 7 in the Supplement.
Preoperative DOAC treatment levels were measured for 2541 patients (84.5%) (eAppendix 10 in the Supplement). The proportion of patients with a level less than 50 ng/mL was 90.5% in the apixaban cohort, 95.1% in the dabigatran cohort, and 96.8% in the rivaroxaban cohort. Among 1007 patients who had a high-bleeding-risk procedure, 832 (82.6%) had anticoagulant measurements, of whom the proportion with a residual anticoagulant level less than 50 ng/mL was 98.8%. The proportion of patients with a residual anticoagulant level of 30 to 49.9 ng/mL in the high-bleeding-risk procedure group was 4.8% in the apixaban cohort, 0.55% in the dabigatran cohort, and 14.0% in the rivaroxaban cohort. Results for the nonspecific coagulation tests are shown in eAppendix 8 in the Supplement.
Discussion
We found that in patients with AF who were receiving a DOAC (apixaban, dabigatran, or rivaroxaban) and required interruption of the anticoagulant regimen for elective surgery or procedure, a simple standardized perioperative management strategy that did not require the use of heparin bridging or preoperative coagulation function testing was associated with low rates of perioperative major bleeding (<2%) and arterial thromboembolism (<1%). Furthermore, a high proportion of patients (>90% overall; 98.8% of those at high bleeding risk) had a minimal or no residual anticoagulant level at the time of the procedure.
Based on the primary analysis cohort, our hypothesis that the PAUSE perioperative management strategy would exclude a 2% rate of major bleeding was supported in the dabigatran cohort (0.90%; 95% CI, 0%-1.73%) but not in the apixaban cohort (1.35%; 95% CI, 0%-2.0%) or rivaroxaban cohort (1.85%; 95% CI, 0%-2.65%), whereas our hypothesis that this management strategy would exclude a 1.5% rate of arterial thromboembolism was supported in all 3 cohorts. In the per protocol analysis, excluding a 2% rate of major bleeding was supported in the dabigatran cohort (1.0%; 95% CI, 0%-1.93%) and the apixaban cohort (1.2%; 95% CI, 0%-1.89%) but not in the rivaroxaban cohort (1.69%; 95% CI, 0%-2.53%); excluding a rate of arterial thromboembolism of 1.5% was supported in all 3 cohorts. Our exploratory postulation that a high proportion of patients (>90%) would have a residual anticoagulant level less than 50 ng/mL at the time of the operation was supported in all 3 DOAC cohorts. In addition, we found that, among patients with a high-bleeding-risk procedure (which included any patient with neuraxial anesthesia) in whom there was concern of bleeding complications associated with an excessive residual anticoagulant level, 16, 18, 19 almost all patients (98.8%) had a residual anticoagulant level less than 50 ng/mL. Moreover, the proportion of such patients with a residual anticoagulant level less than 30 mg/mL, which some experts con- sider an optimal preoperative anticoagulant level, 13 was high in the apixaban cohort (93.1%) and dabigatran cohort (98.9%). Among patients in the rivaroxaban cohort with a high-bleedingrisk procedure, a lower proportion (85.4%) had a residual anticoagulant level less than 30 ng/mL, an observation that requires further study. When the findings were assessed according to procedure-associated high-and low-bleeding risk, rates of major bleeding appeared to be higher among patients with a high-bleeding-risk procedure in the apixaban and rivaroxaban cohorts. This finding may reflect an intrinsically higher rate of bleeding expected with major procedures. Further study is needed to assess the PAUSE perioperative DOAC regimen management in patients with high-bleedingrisk procedures.
Most other studies that assessed perioperative DOAC regimen management are not comparable to this study because their management was not standardized, perioperative heparin bridging was allowed, and fewer patients (10%-20%) with high bleeding risk were studied. 3, [10] [11] [12] [13] [14] In these studies, perioperative rates of major bleeding, for example, varied and were as high as 6%. 3 Two pertinent studies that assessed standardized perioperative anticoagulant management without heparin bridging had similar adverse outcome rates to those in this study. In a cohort study of 541 patients receiving dabigatran who had standardized perioperative interruption and resumption of their treatment, the 30-day postoperative rate of major bleeding was 1.8% and the arterial thromboembolism rate was 0.2%. 14 In the BRIDGE trial, which evaluated a bridging strategy in patients with AF who had perioperative warfarin treatment interruption, patients who were not bridged had a 30-day postoperative rate of major bleeding of 1.3% and arterial thromboembolism rate of 0.4%, 7 and those who underwent a high-bleeding-risk procedure had a rate of major bleeding of 3.2%. 34
Limitations and Strengths
This study has limitations. First, although a cohort study design may introduce patient selection bias, this was unlikely because a high proportion (83%) of screened patients participated in this study, and their risk factor profile, as measured by the CHA 2 DS 2 VASc risk score, was comparable to that of patients with AF included in population-based studies. 35 Second, although few patients (n = 230) received neuraxial anesthesia, in whom there was a concern about bleeding risk during the operation associated with an excessive residual anticoagulant level, the management of such patients was the same as all patients undergoing a high-bleeding-risk procedure (n = 1007). Accordingly, the high proportion (98.8%) of patients with minimal to no residual anticoagulant level in this group would be applicable to those with neuraxial anesthesia. Third, the dabigatran cohort did not reach the expected sample size, owing to the decrease in dabigatran use compared with other DOAC regimens during the study, but the number of patients accrued was sufficient to address the study hypotheses in this cohort. Fourth, patients using edoxaban tosylate were not included as the drug was not available for clinical use when the PAUSE study started, and the results are not generalizable to this DOAC. Fifth, the 50 ng/mL cut point used in this study to define a clinically important residual preoperative DOAC level was not established, and further study is needed to assess a correlation between preoperative DOAC treatment levels and bleeding. Sixth, most patients included were white, and additional studies are needed in nonwhite populations. Seventh, patients with venous thromboembolism, who represent a different study population, 36 were not included.
A strength of this study is the generalizability of the results to patients assessed in clinical practice, as a high proportion of screened patients were enrolled (83%) and few were lost to follow-up (<1%). Another strength is the clinical applicability of the DOAC regimen management we assessed, as most patients adhered to the perioperative DOAC therapy interruption (95%) and resumption (93%) management protocol. The simple strategy of omitting DOAC regimens for 1 day before and after a low-bleeding-risk procedure and 2 days before and after a high-bleeding-risk procedure (except for patients using dabigatran with a CrCl <50 mL/min) is, therefore, likely to be easily adoptable in clinical practice.
Conclusions
In this study, patients with AF who had DOAC therapy interruption for elective surgery or procedure, a simple standardized perioperative management strategy without heparin bridging or measurement of coagulation function was associated with low rates of major bleeding and arterial thromboembolism. 
